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Using hybrid manufacturing strategies provides an opportunity to automate the 
entire process of repairing airfoil components, which involves processes that include 
preparing for pre-weld airfoil, wire-feed welding, on-machine probing, blending, and 
polishing. To achieve the above requires both rapid digitization and non-rigid registration 
methods to fully utilize additive and subtractive manufacturing process to achieve high 
dimensional accuracy, time and material efficiency. In this study, several profile 
digitization strategies are investigated to determine effects on accuracy of the final non-
rigid registration of the component geometry and the impact on the quality measures 
pertaining to parent material blendlines. These profile digitization strategies include 
approaches based on curvature-based segmentation, G1 and G2 continuity, and local 
control of maximum profile deviation. From these results, it was seen that by locally 
controlling maximum profile deviation, it is possible to achieve acceptable profile 








1.1 Motivation and problem statement 
Repair, or remanufacture, of jet engine components to extend the life cycle of 
aerospace parts has been a great interest to aerospace industries due to the high overhaul 
cost, high cost of new condition parts, and the inefficient process of recycling partially 
worn parts [1]. Approximately 8% of the operating costs of an airplane are due to jet engine 
maintenance, and 50% of the overhaul costs are due to the airfoils [2]. Moreover, the 
complex geometry of the components and required unique alteration of each part due to 
part-specific deformations requires continuous intensive work, multiple setups between 
different stations, and skill intensive manual operations including additive manufacturing 
(AM), subtractive manufacturing (SM), and sanding to name a few. Inconsistency in 
worker skill level in production is detrimental to strict quality assurance and contributes to 
overall ineffectiveness in time and cost as well as inconsistency of the final product. This 
leads to high scrap rate and operating cost in the overhaul [3,4].  
An attractive solution to curtail the inconsistency in the blade repair process and 
implement fully automated strategies is to combine all procedures on a flexible processing 
platform, which is referred to as hybrid manufacturing (HM). When used blades are 
determined to be serviceable, HM strategies are capable of interchanging between 
subtractive and additive manufacturing to repair standard blades without major post 
processing and manual operations. Each operation is well established, but the individual 
repair currently relies on manual, semi-automated welding, blending, grinding, and 
polishing. HM strategies integrating all processes have not been made widely available in 
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the commercial airfoil repair market [5,6]. The absence of a complete integration of the 
HM solution provides for a significant opportunity for research in this area to eliminate 
inconsistency and inefficiency in this process and further achieve advanced productivity 
and quality assurance [7]. This would have the added benefit of reducing the scrap rate. 
One commercially available HM strategy, RECLAIM  (Remanufacture of high value 
products using a Combined Laser cladding, Inspection and Machining system) [1], has 
previously been developed and introduced, however, the associated probing strategy and 
the reconstruction of the remanufactured region present several limitations. The 
RECLAIM process claims to provide for adaptive integrated SM and AM strategies to 
remanufacture aerospace turbine blades. This paper introduces processes involving 
probing, welding, and blending of the blade tip with the ability to cope with “the extreme 
variation in volume, product mix, and product condition” [2]. The paper presents promising 
results in adaptive re-tipping of the blade with less than 0.0004 inch of mismatch between 
parent material and the blended region as well as good fusion of the weld on the parent 
material. However, the paper presents some methodological limitations: (1) a probing and 
morphing algorithm was not applied to the additive welding process for adaptive path 
planning, (2) the probing and morphing algorithm was not explicitly explained, (3) limited 
quantitative analysis was provided regarding the consistency of repaired blade profiles.  
An adaptive geometry transformation proposed in Ref. [8] involved a morphing 
algorithm to non-rigidly register the golden (or ideal) blade geometry to the deformed blade 
geometry to accurately interpolate the tip geometry underneath the weld, which accounts 
for angular distortion, lean, and wear of the blade and inconsistency in fixturing. Morphing 
a serviceable blade is necessary in the adaptive hybrid repair manufacturing of the blade 
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geometry because each blade exhibits unique deformation after the service and the 
accuracy of registration determines the final repaired product. However, optimization of 
probing and reconstructing strategies of cross sectional profiles of the parent material was 
not discussed in Ref. [8], this is the focus of the present study. 
 
Figure 1 (A) Structured light scan of pre-welded blade (blue) and post-welded blade 
(grey). Not enough weld is deposited on convex side of the blade (red dashed oval); 
(B) The weld is machined, and the tip geometry is revealed to leave defected region 
(red oval). 
1.2 Proposed approach 
The overall approach for rapid digitization and non-rigid registration of the blade 
geometry is shown as a flowchart in Figure 2. This study proposes an optimized probing 
strategy to implement in a hybrid manufacturing process to recreate 2D profiles which are 
then utilized to construct unknown 3D geometry of a surrogate blade. The final inspection 
 4 
was done on the blendline region of the registered nominal blade compared against that of 
the deformed blade to characterize surface deviation and step size. In the additive process, 
the registered 3D tip geometry guides an adaptive additive toolpath to not only increase 
material efficiency [8], but also to prevent the problem of potentially having insufficient 
weld material to carry out the repair (Fig. 1b). Once the tip is welded, a subtractive toolpath 
is created on the registered blade which will machine the weld to the repaired tip geometry 
without having a step between parent material and the blended region. The registered blade 
and deformed blade were quantified in various simulation software and were also CNC 
machined and inspected optically and using a coordinate measurement machine (CMM).  
 
Figure 2 Overall strategy of digitization of the deformed blade and registration of the 
nominal blade for blending operation and inspection. 
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1.3 Thesis organization 
The remainder of the thesis is organized as follows. Chapter 2 presents a literature 
review of the current state of the repair processes and the challenges in aerospace 
engineering, geometric digitization/registration methods, and an exploration of developed 
methods for adaptive repair processes. Chapter 3 mainly introduces a detailed description 
of novel profile digitization and reconstruction methods on a surrogate blade geometry, 
and the implementation of the digitization methods to non-rigid registration algorithm. 
Chapter 4 presents the outcome of 2D profile and 3D surface deviation resulted from 
proposed digitization methods, and the comparison between simulated and measured 
results from machined blades. Chapter 5 discusses the original contributions of the study 




This chapter reviews past research presented in the literature. The chapter covers 
the following research areas and methods suggested in numerous patents: 1) repair of jet 
engine components in aerospace industry, 2) challenges in airfoil repair processing, 3) 
registration of deformed blades, and 4) adaptive repair solutions using various digitization 
methods. 
1.4 Repair processes and methodologies in aerospace industry 
As the aviation sector has been increasing its revenue for passenger and cargo 
operations at a consistent rate of 4-5% a year, the servicing of commercial engines 
involving maintenance, repair and overhaul (MRO) is also growing in need [9]. In terms 
of aeroengines, Rolls-Royce predicts approximately 68,000 aircraft deliveries over the 
period of 2012-31, with a $975 billion market value [10]. GE Aviation claims that the 
service market for 2011 was 46% higher than the new engine market which was $4.9 billion 
[11]. This necessitates growing market in the development and introduction of advanced 
technology in MRO repair sectors.  
Commercial aircraft maintenance, repair, and overhaul (MRO) is a fundamental 
prerequisite to guarantee that aircraft are maintained in pre-determined states of 
airworthiness in safely transporting travelers and cargo. There are over 70 companies 
worldwide that are involved in MRO such as heavy airframe maintenance, components 
maintenance, engine overhaul, and line maintenance. Especially, the repair of worn or 
damaged components is of large interest for aerospace industries to lengthen the 
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component life cycle [12]. Structural and component maintenance are critical in 
maintenance programs which have evolved for decades as new types, materials, and 
technologies are applied to aircraft structures and engines [13]. Most of the weld-blend 
repairs are conducted on airfoil tips, nozzle guide vanes, and shroud seal fins [14]. 
1.5 Challenges in airfoil repair process 
The repair of jet engines is of main interest for airline operators because the costs 
associated with these systems are primarily produced by the replacement of used blades 
from the high-pressure turbine [2]. These blades are costly to purchase and experience 
significant thermomechanical loads in operation, so commercial airline repair companies 
aim to save as many of the worn blades that satisfiy the required functional properties. The 
methods of repairing airfoils have been developed and the existing methods are keep 
improving to increase process efficiency in methodologies in and to lower the cost of MRO 
[15]. 
One of the challenges faced in remanufacture of aerospace components is that of the 
required material properties. High pressure compressor blades are core functional 
components which are required to be made resistant to high temperature and pressure 
through wear-resistant materials. Single crystal titanium-based and nickel-based alloys 
have been improved with various manufacturing techniques and new alloy compositions 
that have excellent resistance to creep and strength properties for enduring harsh service 
conditions, as shown in Figure 3 [16]. These materials, on the other hand, are also 
challenging for conventional machining processes due to high cutting forces, high tooling 
costs, and long machining times, which inevitably results in lower process efficiency [15]. 
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Figure 3 Specific strength (Fspez) of materials defined by working temperature 
resistance [17,18]. 
The other common challenge in remanufacturing the airfoil blade tip lies in the 
complex aerodynamics and 3D geometry of the blade that is crucial for the fuel efficiency 
and performance of jet engine [19]. Special geometries designed for aerodynamic and 
thermodynamic advantages are used in the airfoil cross-section, and involve control of twist 
and part angles along the stacking axis of the blade geometry [20]. During the service life 
of the airfoil blades, the blades suffer wear, distortion, and crack from the high rotational 
speeds, high pressure and high temperature. These effects can contribute to presence of 
foreign object debris in terms of hard particles, cause thermal expansion or contraction, 
cause thermal fatigue, and/or cause unwanted material contact with oxidizing or corrosive 
gases [21]. Further, the deformation and wear of each blade is also unique even when 
compared to similar blades in the same compression stage of a single jet engine [22]. 
Initial airfoil repair procedures were carried out in a predominantly manual fashion 
because they involved multiple processes ranging from welding, blending to inspection. In 
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the manual repair approach, the most critical processes involve depositing the weld to the 
worn surface and machining the welded geometry to its original blade tip without leaving 
excess material or gouging the parent material. Manual operations for achieving this goal 
require high operator skill and can be cost-effective given the cost of these components [3]. 
However, considering the stringent quality standards associated with airfoils and their 
complex geometry, it is non-trivial to establish consistency in such high-skill manual 
processing approaches.  
 
Figure 4 Standard repair procedures for the overhaul of blade geometry. (A) Weld 
preparation, (B) metal deposition, (C) reprofiling [23] 
In summary, toolpaths are needed that can machine the weld geometry back to the 
nominal CAD geometry of the blade tip. However, due to the variation in the blade defects 
and complexity of the geometric features of an airfoil, additive and subtractive toolpaths 
for the deformed parts must be adaptively modified on a blade-by-blade basis. This 
inevitably introduces the need for accurate registration of the nominal CAD model to the 




1.6 Registration of deformed blades 
Currently, many processes in remanufacturing of blade tips are carried out manually 
due to reasons that can include the length of time to register the deformed parts, inaccuracy 
in recreating the model and creating a toolpath, and multiple setups requiring multiple 
registrations. An example of the proposed registration method is shown in Figure 5. 
 
Figure 5 Proposed registration method of the damaged blade by extracting non-
defective cross-sectional profiles of the blade. (A) Damaged blade mesh, (B) multiple 
horizontal cross-sectional surface profiles acquired [24]. 
The repair procedures consist of multiple steps and setups in different stations. The 
first step is to machine the worn tip region to expose a uniform surface for weld deposition. 
Next, material of the same composition as the parent material is deposited on the surface, 
which is then shaped using machining. Finally, abrasive post processing is applied to 
remove excess geometry and to achieve the surface quality standard [21]. In between each 
A B 
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process, appropriate inspections exist to sort out unqualified blades. Errors can occur as 
parts are moved and registered among multiple setups and due to the manual abrasive 
processing steps [25]. This provides an essential reason for implementation of registration 
algorithms in the automated repair process. When the registration method is involved in 
the automated process, the entire process can be represented as a flow chart shown in Figure 
6. 
 
Figure 6 Automated and adaptive airfoil tip repair process encompassing 
registration, welding, and blending in one setting. 
Registration methods have been widely studied to adapt variations in deformations 
of each blade in an automated repair method [3], because the quality of the final repaired 
product depends on the accuracy of the registered models constructed from the measured 
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data, the digitizing device, and the algorithm [20]. A suitable digitizing method is necessary 
to reconstruct deformed 3D blade model by balancing the appropriate amount of 
measurement information, which affects scanning time, and the accuracy of the digital 
reconstruction, which affects the quality of the target process plan. Quality solutions should 
optimize measuring time, resolution, and compatibility of the acquired data for automation 
[12]. Hundreds of commercially available equipment for this purpose can be categorized 
into three types shown in Figure 7 [26]: 1) probe contact measurement system, 2) laser 
scanning system, 3) topo-metric digitizing system. 
 
Figure 7 Three types of commercial digitizing products: (A) Renishaw probe [27], (B) 
Zeiss T-SCAN [28], (C) Zeiss Pro AE [29] 
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1.7 Adaptive repair solutions using various digitization methods 
A number of studies have been made to explore digitization methods for airfoil geometries 
for the purpose of repair development. Walton introduced an adaptive compressor rotor tip 
repair solution which can refurbish the blades by digitizing the surface, constructing 3D 
profiles of the blade, welding and machining toolpaths generated based on the constructed 
geometry [12,30]. Dix developed topo-metric digitizing equipment to acquire the deformed 
geometry to register the nominal airfoil geometry and generated machining toolpath 
commands [31]. Huffman utilized a 2D vision system for controlling a laser powder fusion 
welding machine for blade repair [31, 32], however the 2D vision system is limited in 
reconstructing complex blade geometry that is based on non-linear curves. Bermer 
presented an adaptive machining process which digitizes two cross-sectional profiles of a 
straight blade under the welded volume with a probe and interpolates the tip underneath 
the weld [23]. Huang suggested an in-situ measurement station to digitize the contour of 
the component and a 6-axis finishing robot to optimize grinding and polishing process 
parameters [34].  
 While the above digitization and reconstruction algorithms and equipment have 
advanced capabilities in these areas, most of them are not applicable due to the lack of 
dimensional accuracy of reconstruction or the time required to capture the blade geometry 
information. In this regard, Yilmaz claims to have the most complete solution developed 
for an adaptive repair using a commercial software in a hybrid machine setting where it 
scans the deformation of the blade, welds the blade tip, and machines down with no sign 
of blendline steps. However, scanning time is not efficient and it never openly discussed 
the methods just like many other papers. Other works have investigated an adaptive 
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additive and subtractive manufacturing repair system, but they are not explicit about their 
methods and details on the results. Moreover, little work has been done that digitizes and 
reconstructs 2D profiles, and 3D surface geometry in simulation and validate them with 
actual machined measurements. 
 
Figure 8 Comparison of two cross sections between nominal profile and actual 





 The adaptive repair process requires integrated inspection, additive, and subtractive 
processing to achieve a blendline target specification for a serviced blade geometry. The 
entire digitization and registration strategy for an automated blending operation is depicted 
as a flow chart in Figure 9. In this approach, digitization of the blade geometry is needed 
to facilitate non-rigid registration. The target condition needed is that which achieves a 
sufficient target profile reconstruction specification while also limiting the number of 
points required, thereby reducing processing time. 
 
Figure 9 Overview of entire digitization and registration scheme including strategies 
for probing deformation with four different digitization methods. 
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 In Figure 9, the overall goal is to produce a fully registered airfoil CAD geometry 
from a digitization of the deformed blade. The general geometry of airfoil models is shown 
in Figure 10A. The nominal airfoil CAD geometry, shown in Figure 11A, can come from 
the original design data or from high resolution reverse engineered scans of ideal part 
geometry. From this CAD geometry, a total of N cross sections perpendicular to the 
stacking axis (or Z axis) will be compared with that of the digitized actual blade geometry. 
The actual blade geometry, shown in a post-weld configuration in Figure 11B, is well 
understood to exhibit varying levels of deformation. In particular, angular changes and 
chord length changes occur along the stacking axis, as in Figure 11C, D. From this blade 
geometry, a total of (N-W) cross sections will be non-rigidly registered with that of the 
nominal CAD geometry, where W is the number of cross sections present in the weld/repair 
region. These W cross sections will be used to register the nominal blade to the deformed 
blade for interpolating the tip geometry. 
 
Figure 10 Basic airfoil profile. Golden model of 3D airfoil geometry and z-axis cross 
sectional plane (green) at the inspection height (A). Camber line, chord, leading edge 




Figure 11 Images of compressor blades and cross-sectional inspection at probing 
height. Golden (nominal) model of a pre-weld blade geometry (A) and post-weld blade 
scan (grey) overlapped on the golden model (B). Cross section at Z height showing 
slight deviation of two models, and their deviation shown in colormap (C). Zoom-in 
of red dotted box (D). 
 
1.8 Parametric design of surrogate blade  
 The surrogate blades are digitized in (N-W) number of 2-D cross sections below 
the height where the weld is present (i.e., the non-repair region), as in Figure 11B. The 
minimum number of dominant points on a 2-D cross-sectional profile is determined, and 
the points are then used to regenerate the profile with a single spline. The recreated spline 
should be within an acceptable tolerance from the original profile to facilitate acceptable 
reconstruction. In finding the minimum number of dominant points of the contour, different 
methods are compared in the present study, and the resulting maximum deviations, total 
deviations, and average deviations were used to factor out the relative differences in each 
method in terms of accuracy. The splines in N number of cross sections are utilized to non-
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rigidly register the nominal blade and morph it to the geometry of the deformed blade. The 
top part of the deformed blade above the weldline (i.e., the repair region) is the final shape 
of the blade after the blending operation and is interpolated by the morphed nominal blade. 
The machining toolpath for the blending operation is derived based on the morphed 
nominal blade. In the present study, surface deviation and blend line height analysis are 
conducted between the morphed nominal blade and the deformed blade both 
computationally and in measurements of machined part geometries. 
 A representative blade geometry was designed based on inspecting an actual 
compressor blade to simulate similar features of the part for an accurate representation. 
Twist angle, chord length, camber line, and profile thickness distribution were extracted 
from multiple horizontal cross sections along the stacking axis, as in Figure 11B. The 
surrogate model does not fully entail the complexity of the original blade; however, it is 
used in the present study to investigate feasibility and effect of proposed probing methods. 
The surrogate blade model also increased machinability of the component and simplified 
comparative analysis of target and actual blade profiles. With regard to the former, the 
thicker cross section of the surrogate geometry simplified challenges associated with 
fixture design and machining of thin wall geometries. With regard to the latter, CMM-
based measurement of the surrogate model yields less noise and minimizes vector errors 
due to the misalignment of normal vectors on the leading and trailing edge of sharper edge 
radii as in the actual industrial blades. Thus, the blade geometry was designed so to 
understand solely the impact of the digitization process on part accuracy. Other factors 
related to fixture design and measurement complexity are the subject of ongoing efforts of 
an applied nature. The surrogate blade has been created based on parameters and design 
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intent of the original compressor blade model and is shown in Figure 12. Blade cross 
sections along the stacking axis can be determined by two main methods described in Ref. 
[35], either by defining curves of concave/convex sides or by determining a mean camber 
line and a thickness distribution. 
 To model potential distortions in the blade due to service conditions, a sample of 
ten industrial blades were analyzed. The maximum deviation of the industrial deformed 
blade against the nominal blade is Dmax at the probing z height, as in Figure 12B. The 
industrial blades were analyzed at the z height and their maximum deviations were 
averaged. The angular distortion embedded in the nominal model, and the angular 
distortion of the deformed model is measured as θ, as in Figure 12A. The chord length of 
the industrial deformed blade is short by Dtip at the z height due to the erosion in the trailing 
and the leading edge. The mean camber line is extracted from the original model and 
defines a skeleton and the known thickness distribution defines the concave and convex 
sides of the blade profile [36]. The leading and trailing edges are determined by circles 
with their centers on the ends of the mean camber line and a radius of the thickness at that 
point. The radius and profile edge thickness on the leading and trailing edges, maximum 
thickness, chord length and chord angle between two different cross sections were 
extracted from the original blade profile. These parameters are used as threshold to 




Figure 12 Designing a nominal and a deformed surrogate blade. The maximum linear 
deviation and angular distortion of two models are based on inspection on the actual 
blade scans. (A) The nominal blade (blue) is overlapped to the deformed blade 
(orange). The top 0.3 inch of the industrial blade, which is the only part that is 
serviceable, is scaled up by three times. (B) Maximum deviation (Dmax =0.030 inch) 
and the angular distortion (θ = 1.91 deg.) are also scaled up for machinability and 
visualization purposes. 
 
1.9 Digitizing and segmenting 2-D cross sectional profile 
Curvature-based segmentation (CBS) is a straightforward method for digitizing the profile 
of a blade geometry. In this method, each of N number of horizontal cross-sectional profiles 
under the weld geometry is divided into segments by its curvature. The curvature of the 
entire profile is calculated by taking the second derivative at each point of the profile. 
Median filtering is applied to the curvature values, and then the values are plotted against 
the position of the curvature. A threshold is then applied to split the profile into segments 
and is optimized so that each segment can be represented with one spline consisting of less 
than 7 points and 0.0005 inch of deviation (set tolerance).  
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Figure 13 Illustration of segmented cross-sectional profile and dominant points to 
recreate each segment. (A) The 2D contour is divided into four segments. (B) 
Minimum number of dominant points and their positions are determined on each 
segment to recreate them within 0.0005 inch of tolerance. 
 
 Once the profile is split into S number of segments as shown in Figure 13A, three 
points are evenly distributed on the segment and a curve is reconstructed using cubic spline 
interpolation. If the recreated curve is deviated more than the set tolerance (0.0005 inch for 
the type) from the original segment, another point is added. The points are redistributed so 
that it is evenly distributed, and another cubic spline curve is created with those points. 
This iterative cycle will continue until P number of points are determined to recreate a 
Bezier curve that would fit the original segment within the tolerance. All S number of 
segments go through the same process to find the minimum number of points to reconstruct 
the entire profile. Figure 13B illustrates all the points distributed on each segment. This 
method provides curvature continuity of curves and reduced number of design parameters, 
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however a G1 continuity-based approach would ensures more accurate and various 
geometric features that are directly linked to blade geometry. 
 
Figure 14 Profile reconstructed using points from CBS (first proposed method). 
 
1.10 Four methods to reconstruct closed-loop profiles from segments 
 Four different digitization and reconstruction methods are investigated to determine 
the optimal solution that will provide least deviation of the reconstructed profile with 
minimum number of dominant points. The first method is to reconstruct a profile with a 
spline using all the dominant points from curvature-based segmentation, as depicted in 
Figure 14. G1 and G2 continuity-based methods are also used to reconstruct a spline by 
applying G1 and G2 continuity, respectively, where the segments are intersecting, as 
depicted in Figure 15B and C. The final method investigated is based on a modified 
curvature-based segmentation wherein the spline is modified by iteratively adding points 
to locations where maximum deviation occurs until set tolerance is met, as depicted in 
Figure 15D. The purpose of applying the above methods to reconstruction of the profile is 
to conserve curvature continuity along the profile after digitization. All the methods listed 
above will be compared against a control condition given by a dense sampling method 
which will be the control of the study. Once profiles are reconstructed with different 
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methods, they are compared against the deformed profile. The methodology for calculating 
maximum 2D profile deviation is described in the following section. 
 
Figure 15 Dominant points used for different reconstruction methods. (A) Three 
segments that were that were divided based on curvature and two intersecting points 
between segments (red circles). (B) G1 continuity-based method is illustrated. (C) G2 
continuity-based method is illustrated. (D) Local maximum control method is 




1.11 Method for calculating maximum deviation in 2D profiles 
The maximum deviation is the longest distance measured between a deformed profile and 
a reconstructed profile. First, a deformed profile is digitized into points that are 0.0003 inch 
apart, as is shown in Figure 16. Three consecutive points, P0(x0, y0, z0), P1(x1, y1, z1), P2(x2, 
y2, z2), are taken from the nominal profile. The starting point, P0, can be any point on the 
profile. A line that goes through two points, P0 and P2, can be written as in Equation 10, 
and P(t) is a set of points that are on the line. 
 
Figure 16 A deformed profile is digitized into points, and points are 0.0003 inch apart. 
(A) 2D horizontal profile of a deformed blade. (B) Close-up picture of the dashed red 





















The spacing between points, P0, P1, and P2, are so small that the line from Equation 1 is 
assumed to be parallel to the tangent vector of the deformed profile at P1. Then, a plane 
that is perpendicular to the line and contains P1 can be written as in Equation 2. 
 (𝑥 − 𝑥1) ∙ (𝑥2 − 𝑥0) + (𝑦 − 𝑦1) ∙ (𝑦2 − 𝑦0) + (𝑧 − 𝑧1) ∙ (𝑧2 − 𝑧0) = 0 (2) 
This plane can be assumed to be parallel to the normal vector of the deformed profile at P1. 
Since the deformed profile and the recreated profile are on the same z height, the following 
statement is true.  
 𝑧0 = 𝑧1 = 𝑧2 (3) 
Lastly, once an intersecting point, Pintersect, between the plane from equation 2 and the 
recreated profile is found, the distance between P1 and Pintersect can be calculated. The 
distance can be calculated at every point on the deformed profile. Then, the maximum 
value of the distance is defined as the maximum deviation. Figure 17 shows three points 
(red circles) on a deformed profile (blue line), a perpendicular line (yellow line) that goes 
through P1 and intersecting with a recreated profile (orange line) at a point, Pintersect, and a 
deviation between two profiles. 
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Figure 17 A representative figure to show the deviation between the deformed profile 
(blue line) and the recreated profile (orange line). 
The 2D maximum deviation is measured to guarantee the continuity of the profile 
and to investigate the accuracy of each digitization and reconstruction method. The profiles 
will be utilized for non-rigid registration by determining the camber line (CL) and thickness 
distribution (TD) from the nominal and deformed profiles for each cross section. This 
process will be discussed in the following section. The 3D blade geometry is constructed 
from the 2D profiles and the 2D profile deviation will be compared against the 3D surface 
deviation to investigate if there is any effect of the non-rigid registration on the accuracy 
of the digitization methods used.  
1.12 Input preparation for non-rigid registration 
 After 2D cross-sectional profiles in the non-weld region are recreated using the 
above digitization methods, a camber line of each profile must be obtained. The camber 
line is calculated by a profile mean line method, where the line is a set of all center points 
 27 
of the largest circles that can be inscribed in the 2D blade profile in the corresponding 
plane. This is a plane that is perpendicular to the stacking axis of the blade and has a height 
of the corresponding 2D blade profile.  
 
Figure 18 Camber line (blue line) is defined for a given profile (green line) with 
starting (black) and ending (red) points being the center of maximum inscribed circles 
on leading and trailing edge, respectively. 
 Once the camber line is obtained, maximum inscribed circles on the leading edge 
and the trailing edge, where their center points are located on the camber line, determine 
the starting and ending point of the camber line, as shown in Figure 18. The nomenclature 
for a nominal camber line at Z height is defined as CLnom_zi, and a deformed camber line 
as CLdef_zj. When the camber line is fully defined, the profile thickness is measured along 
the line by drawing a normal line from the camber line to the profile as shown in Figure 
19A. A set of normal distances are utilized to determine the thickness distribution (TD) of 
the profile by fitting an Hth order polynomial, as shown in Figure 19B. The order of the 
polynomial is determined iteratively until R2=1. The nomenclature for a nominal profile 
thickness distribution at Z height is defined as TDnom_zi and a deformed profile thickness 




Figure 19 Cross-sectional profile with a set of thickness measurements and Hth order 
polynomial fit for the set of measurements.  
 The nominal blade geometry is non-rigidly registered to the deformed blade 
geometry so to adapt the blade tip geometry in the non-repair region. The inputs for the 
non-rigid registration are CLnom_zi, TDnom_zi, CLdef_zj, and TDdef_zj, and the outputs 
are CLreg_zi and TDreg_zi. CLnom_zi is the camber line and TDnom_zi is the thickness 
distribution, both corresponding to the nominal profile at zi height. CLdef_zj and TDdef_zj 
are the camber line and the thickness distribution, respectively, corresponding to the 
deformed profile at zi height. CLreg_zi and TDreg_zi are the camber line and thickness 
distribution of the non-rigidly registered profile, respectively, at zi height.  
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 In the non-rigid registration algorithm, CLnom_zi and TDnom_zi are used to 
characterize the trend of the nominal blade geometry reflecting the trend of twist/angular 
change and chordal length variation along the stacking axis in the original modeling of the 
3D blade. Nnom_zi is the number of 2D cross-sectional profiles of the nominal blade at zi 
height (1 ≤ i ≤ K, where i and K are positive integer). The greater N number is, the more 
detailed geometric pattern of the blade along the stacking axis will be established and the 
more accurate blade shape will be constructed. This step enables the registration method 
to be adaptable to any 3D blade models. Ndef_zj is the number of 2D cross-sectional 
profiles of the deformed blade that accounts for intentionally introduced lean and twist at 
zj height (1 ≤ j ≤ L < K, where j, L, K are integer, and zL is the greatest z height in non-
weld region).  The information from the nominal geometry provides the general trend of 
the blade geometry, and that of the deformed geometry guides the nominal geometry to 
non-rigid registration and create registered profile (Nreg_zi).  
 If the methodology is applied to the geometry given in Figure 22, for example, the 
following conditions are satisfied. 
 𝑁𝑛𝑜𝑚𝑧𝑖 = 6;  𝑊 = 2;  
𝑁𝑑𝑒𝑓𝑧𝑗 = 𝑁𝑛𝑜𝑚𝑧𝑖 − 𝑊 = 4 
(4) 
The condition can be interpreted as the following: (1) The nominal 3D blade geometry is 
sectioned in 6 different z heights, (2) two sections are in the weld region, and four sections 
are in the non-weld region, (3) only the bottom four sections of the deformed blade in non-
weld region can be digitized and reconstructed. This will be utilized in non-rigid 
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registration algorithm to register the nominal 3D blade geometry to predict the tip geometry 
underneath the weld.  
 
1.13 Non-rigid registration algorithm 
 Among many non-rigid registration methods, the non-rigid registration method 
introduced in Ref. [8] was modified and utilized for validation of digitization and 
reconstruction method introduced in the thesis. The non-rigid registration method used is 
a combination of rigid profile registration and mean line deformation. The first step 
minimizes the root mean squared error between the nominal and the deformed model. The 
second step captures and corrects variations in the geometric form of the deformed blade 
such as chord length deviation along the stacking axis. The rigid profile registration is also 
referred to as rigid body transformation which consists of translations and rotations without 
changing arrangements of the blade geometry [37]. In parameterizing the transformation, 
one of the ways to express it in terms of six parameters (p) is: 
 M = TR (5) 

















−𝑠4𝑠5𝑐6 − 𝑐4𝑠6 −𝑠4𝑠5𝑠6 + 𝑐4𝑐6
𝑠5 0
𝑠4𝑐5 0





where p1, p2, and p3 are translation in x, y, and z respectively, and s4, s5, and s6 are the sines, 
and c4, c5, and c6 are the cosines of parameters p4, p5, and p6 respectively. The rotation 
matrix, R, is combined by multiplying three individual Euler transformations in three axis 
rotations in an appropriate order. Provided that cos (p5) is not zero: 
 p5 = sin
−1(𝑟13) (8) 














where atan2 is the four-quadrant inverse tangent. 
 The objective is to minimize the sum of squared differences, X2, between a 
deformed model and a nominal model by translating and rotating each nominal profile to 
the deformed profile at the same height. Twist is calculated by comparing the camber lines 
in both models and is defined as planar rotation. At each iteration of the rigid registration, 
models are evaluated using the current parameter values. The iterative closest point 
algorithm is utilized to align the point sets in the nominal blade to the deformed blade. The 
number of iterations can be given to the algorithm or it can run until the error in the sum 
of squared differences between iterations becomes less than 0.1%. Then all the parameters 
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are saved to be used for (N-W) profiles. The transformation matrix for the profiles that are 
in weld region are interpolated using the transformations in non-weld regions.  
 
Figure 20 Representative image of rigid transformation. (A) Nominal profile (red 
line) is not aligned with deformed profile (black line). (B) Translation and rotation 
are applied to nominal profile to be aligned with deformed profile. 
 A representative image of rigid transformation of a nominal profile to a deformed 
profile is depicted in Figure 20. A nominal profile is not aligned with a deformed profile 
in Figure 20A. An appropriate transformation matrix is applied to minimize the sum of 
squared differences between two profiles. Registration is not complete because the 
deformed profile has shorter chord length and smaller thickness throughout the entire 
profile due to material erosion, as in Figure 20B.  
 33 
  
Figure 21 Complete non-rigid registration of nominal blade (brown) to welded 
deformed blade (green). (A) Before non-rigid registration. (B) After non-rigid 
registration. 
 Mean line registration accounts for any deviation (Dtip in Figure 12B) of warping 
in blade geometry. After rigid transformation, the control points of camber lines from 
deformed profiles are examined and used to deform nominal camber lines in profiles in 
corresponding heights. The camber lines of the profiles in the weld region are interpolated 
using non-weld region profile camber lines as is done in rigid body transformation. Once 
the mean line is registered for each height of the profile, thickness distribution data from 
the deformed profiles are applied to nominal profiles. This accounts for regions of the blade 
that have less thickness than the nominal blade due to the wear. With multiple steps in non-
rigid registration, N profiles of nominal blade geometry are registered to (N-W) profiles of 
deformed blade, and the 3D model is fully registered as in Figure 21B. 
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 The main distinction between the present approach and that of Ref. [8] is utilization 
of digitization method. The method in Ref. [8] defined a deformed blade so the camber line 
and thickness distribution for the non-weld region were known. The proposed method in 
this thesis digitizes a deformed 3D blade geometry, recreates cross-sectional profile of the 
non-weld region, and extracts camber line and thickness distribution information for non-
rigid registration of the nominal blade geometry. The given 3D blade geometry is sectioned 
perpendicular to the stacking axis and 2D profiles in the non-weld are digitized and reverse 
engineered to extract camber line and thickness distribution. 
 
Figure 22 A representative figure of cross-sectional blade profiles in (A) nominal 
blade and (B) deformed blade when there are 6 sections made in nominal blade and 
4 sections in non-weld region (Nnom_zi = 6, W = 2, Ndef_zj = 4). 
 To validate the strategy, several sets of nominal blade geometries and deformed 
blade geometries were generated. The nominal blade geometry was sectioned with 
Nnom_zi planes perpendicular to the blade stacking axis (shown as the Z axis in Figure 
22A), this creating 2D cross-sectional blade profiles to assess the trend in twist/angular 
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change and chord length deviation, as in Figure 11C and Figure 11D. Among these 
Nnom_zi profiles (from plane Z1 to Z6 in Figure 22A), W indicates the number of 2D 
blade profiles (Z5 and Z6 plane in Figure 22A) of the nominal blade in the weld region and 
used to register the nominal blade to the deformed blade for interpolating the tip geometry. 
The surrogate blades are digitized using (Nnom_zi – W) cross-sectional profiles in the non-
weld region (Figure 22B). 
 
1.14 Probe path, additive toolpath and subtractive toolpath creation 
The ultimate purpose of registering a nominal blade to a deformed blade is to 
implement the strategy to an actual digitizing, registering, and machining setup that could 
be utilized in a hybrid manufacturing environment. An additive toolpath, a probe path, and 
a machining toolpath have been created for a 5-axis machine (Mazak VC-500AM) shown 
in Figure 24. The additive toolpath and the probe path were creating using a commercial 
CAM software. 
1.14.1 Toolpath for additive manufacturing 
An additive toolpath (Figure 24A, C) was not implemented on the machine in order 
to eliminate any unforeseen errors from the process that could affect digitization process. 
Nevertheless, the additive toolpath was created so to validate the welded tip geometry that 
was used as the deformed model and to show the feasibility of a completed hybrid blade 
tip repair process in simulation. In Figure 24, a green line represents a laser coming from 
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the source, and a yellow tip represents a laser bead that is 0.04 inch in diameter. An additive 
toolpath is created along the profile of the blade perpendicular to the stacking axis with  
 
Figure 23 Mazak VC-500AM 3D model with subtractive tool head in the left red box 
and additive laser head in the right red box. Yellow box shows an example of additive 
toolpath for welding the blade tip. 
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Figure 24 Additive toolpath created in CAM software. (A) additive toolpath created 
along the blade profile with 3mm layer thickness, (B) additive toolpath with 1mm 
layer thickness. 
0.04 inch step over offset from the blade profile. Layer thickness is set as 0.12 inch to show 
a clear individual additive toolpath in Figure 24A and is set as 0.04 inch in Figure 24C, 
which represents a more realistic additive toolpath. Normally, a layer thickness of 0.12 
inch is too thick and will result in poor dimensional accuracy. The additive toolpath is 
simulated with a commercial CAM software on the repair region of the blade where Figure 
25A shows a build three layers into the process and Figure 25B shows a completed weld 
tip. Since the toolpath follows the boundary of the blade profile, it is likely to have at least 
0.02 inch of excess material normal to the surface of the tip geometry.  
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Figure 25 Additive toolpath in simulation and welded blade geometry to best 
represent the weld. (A, B) weld is being deposited using additive toolpath from Figure 
24B, (C) a welded blade geometry reflecting the weld simulated through simulation. 
 
1.14.2 Probe path for registration of deformed welded blades 
If the deformed blade was to be welded in a hybrid manufacturing setting, the 
machine must probe the non-weld region of the blade to register the deformation of the 
blade. When the digitization method is ultimately implemented, the quality of the final 
product is not only dependent on the digitization and registration algorithm but also 
dependent on the accuracy of probing the blade. Two main factors that affect the probing 
accuracy are the approach vector, which is a normal vector from the surface, and contact 
points on the surface. The machine will first align the part either by probing relative XYZ 
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planes that serve as origin for the part (Figure 25A) or the blade will be installed in a fixture 
that has been already registered in the machine. Then horizontal profiles will be probed 
with the appropriate planned probe path, as in Figure 25B.  
It is important to note that the deformations that exist on the blade surface will 
generate different approach vectors and surface locations than the planned probe path as is 
depicted in Figure 27. This error cannot be compensated unless the deformed blade is 
scanned with a structured light scanner and have its coordinate system matched with that 
of the hybrid machine platform, both of which are not generally practical from a rapid 
repair production stand point. This vector and position error should be addressed to 
eliminate unwanted 2D profile and 3D surface deviations that might be present. In this 
regard, to isolate the effect of the digitization algorithm alone, the present study idealized 
probe-related data from simulation. Nonetheless, probe paths have been generated to 
validate accessibility of the probe to the probe points that the digitization method produces 
as shown in Figure 26. The coordinate orientation and origin of the part has to be aligned 
with those of the machine (Figure 26A), and then probing cross-sectional points in the non-
weld region at multiple Z height has to be performed (Figure 26B). Probing the deformed 
blade is a necessary step before welding the tip and machining the tip in order to maximize 
time and material efficiency [8].  
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Figure 26 Probe paths created for a machined blade with weld geometry. (A) Probe 




Figure 27 Normal and probe deviation that could exist in deformed blade in on-
machine probing. 
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1.14.3 Toolpath for welded blades and registered blades 
Welded deformed blade geometries were produced by machining. The machining 
toolpaths (Figure 28A) for welded blades were carefully designed to machine the weld 
geometry as close as possible to how it was designed especially where the weld and the 
non-weld region intersect. Five different toolpaths for machining the weld geometry were 
created based on the non-rigidly registered models that utilized five digitization methods. 
Once a welded deformed blade was machined, a weld blending toolpath (Figure 28B) was 
executed on a single machine setup to avoid alignment errors in the machining process so 
that any blendline steps would be due to the digitization method and physical response 
during machining. The blendline region of the completely machined blades are measured 
with a coordinate measurement machine for validating the result of the simulation. 
 




RESULTS AND DISCUSSION 
The nominal and deformed surrogate blade geometry was used to validate the effect 
of digitization approaches – including dense sampling (DS), curvature-based segmentation 
(CBS), G1/G2 continuity, and local control approaches – on accuracy of non-rigid 
registration. The horizontal 2D profiles in the non-repair region of the deformed blade were 
digitized and used to non-rigidly register the nominal blade to the deformed blade as shown 
in Figure 22. 2D profile deviation and 3D surface deviation were analyzed and tabulated. 
The final non-rigidly registered blade geometry was then used to create machining 
toolpaths for remanufacture of the blade geometry and compared against the simulated 
results. In the case of certain surface deviation between the deformed blade and the final 
registered blade, quality defects would result as this deviation would create a measurable 
blendline step and/or surface deviation.  
 
1.15 Deviation analysis of digitization methods on 2D profile and 3D surface 
Blade cross-section profiles (Zn, maximum height of Zn < 0.411inch, n >= 2) of 
the deformed blade in the non-repair region were digitized using the DS (control), CBS 
(method 1), G1/G2 continuity (method 2 and 3), and local profile control (method 4) 
digitization approaches. A representative figure of profile deviation is shown in Figure 17, 
and the resulting maximum profile deviations are calculated using normal vectors from the 
horizontal 2D profile towards the digitized profile and then are tabulated for all five 
approaches in Table 1.  
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All the profiles that are digitized and reconstructed in the non-weld region are used 
to non-rigidly register the corresponding profiles in the nominal blade. A registered 3D 
geometry is constructed using the registered profiles, and the surface deviation of the 
registered blade was calculated against the deformed blade. The maximum surface 
deviations in 3D blade geometries are tabulated in Table 1 and plotted in Figure 29. 
Table 1 Deviation analysis on 2D profiles and 3D surfaces for multiple methods (‘DS’ 
and ‘CBS’ refer to ‘dense sampling’ and ‘curvature-based segmentation’, 
respectively). 
Method 
 Deviation in 2D profile 
(inch) 









deviation Range of deviation 
DS 1047 2.5 x 10
-5
 9.7 x 10
-7
 -1.6 x 10
-4
 -1.6 x 10
-4
 ~ 6.8 x 10
-5
 
CBS 21 3.4 x 10
-3
 1.1 x 10
-3
 4.3 x 10
-3
 -3.7 x 10
-3
 ~ 4.3 x 10
-3
 
G1 cont. 29 3.9 x 10
-3
 1.0 x 10
-3
 3.9 x 10
-3
 -3.8 x 10
-3
 ~ 3.9 x 10
-3
 
G2 cont. 37 3.7 x 10
-3
 1.0 x 10
-3
 4.3 x 10
-3
 -3.9 x 10
-3




control 32 4.7 x 10
-4
 1.3 x 10
-4
 5.1 x 10
-4
 -1.5 x 10
-4




The deviation that is present in 2D profile digitization carries over to and affects 
the surface deviation. Dense sampling method (named as DS in Table 1) collects the largest 
number of probing points resulting the best reconstructed 2D profile with the smallest 
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maximum deviation in both 2D profile, 0.000025 inch, and 3D surface, -0.00016 inch. A 
small increase in the deviation occurs when non-rigid registration is applied, however, it is 
still within the limit of the set tolerance which is 0.0005 inch. The average deviation is 
calculated by dividing the sum of all the deviations from each individual probing point by 
the number of probing points. 
 
Figure 29 Deviation of 2D profile and 3D surface between a deformed blade and a 
registered blade. 
The probe-based inspection time using a Renishaw RMP600 high accuracy 
machine probe was calculated to be 15 minutes for the DS method and 30 seconds for the 
CBS method. Regardless of its accuracy, the dense sampling method is impractical to 
implement in the production line due to the time required. It could only serve as the control 
group of the study to prove that when enough points are acquired, a 2D profile with 
negligible deviation could be constructed. Nonetheless, this resulted the smallest deviation 























To reduce the amount of probing points, curvature-based segmentation strategy was 
applied to the 2D profile. Once the profile is segmented at the appropriate points where the 
change in tangent vectors of the profile is drastically changing, each segment is assigned 
with probing points which can reconstruct the segment with a set tolerance of 0.0005 inch. 
The segments alone could not be used because only G0 continuity can be guaranteed 
between segments, which can severely affect reconstruction of a complete profile such as 
pointy intersecting region between segments. Thus, curvature-based segmentation method 
creates one spline reconstructed from all the probing points from each segment satisfying 
continuity along the profile. 
As segments are joined with their probing points, the intersecting points are 
experiencing abrupt change in tangent vector of the profile. This leads to big jump in 
maximum deviation from DS to CBS method from 0.0005 inch to 0.0034 inch. When this 
profile is taken into non-rigid registration of the nominal blade, the registered blade 
resulted in 0.0043 inch of surface deviation which is 0.0009 inch higher than the profile 
deviation. Compared to the DS method, the CBS method can be implemented using 21 
probing points and take only 30 seconds to probe one horizontal profile, however, the 
accuracy does not satisfy the standard. The 2D deviation is further analyzed to investigate 




Figure 30 Reconstructed blade profile (black line) using G2 continuity-based method 
compared on deformed blade (colored line). Positive maximum (red box), negative 
maximum (blue box), and transition point (green box) are zoomed in. Distribution of 
deviation is drawn as a histogram next to the color scale. 
Further analysis took place to investigate where the error is occurring or 
accumulating. When a profile is being non-rigidly registered, the camber line and thickness 
distribution data is determined as described above. There is no error in acquiring the data, 
but when it is registered and reconstructed, profile deviation is observed as periodic as 
shown in Figure 30. The deviation trend is more dramatic on the convex side of the blade. 
There are two possible reasons for the trend: (1) the change in curvature in the intersecting 
point is not controlled and (2) when the thickness of the profile is being measured, the line 
that goes through the profile is not necessarily perpendicular to the camber line. To reduce 
the deviation caused by CBS method, G1 and G2 continuity-based methods are tested as 
the second and the third method to recreate the spline for the profile. 
G1 and G2 continuity-based methods are attempted to reduce the maximum 
deviation that occurs in the CBS method as the method joins multiple segments. When 
curvature-based segments are joined together, they are only guaranteed to satisfy G0 
continuity as it is shown in Figure 31B. In a CBS method, a spline is drawn from the points 
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of the segments, so there are no unsmooth edges in the intersecting point. However, since 
the segments are divided by their curvature from one segment to another, the intersecting 
point may experience a drastic change resulting more deviation. To alleviate the abrupt 
curvature change, an attempt to create G1 and G2 continuity at the intersecting point were 
tried by adding points adjacent to the point.  
 
Figure 31 Degree of continuity. (A) no continuity between two lines, (B) G0 continuity, 
(C) G1 continuity, (D) G2 continuity [38]. 
A spline was generated with additional points, however, the maximum deviation 
still increased from 0.0034 inch to 0.0039 inch and 0.0037 inch for G1 and G2 continuity, 
respectively. The surface deviations using those two digitization methods reflect same or 
higher deviation than the profile deviation as it is shown in the bar graph in Figure 29. This 
is the periodic deviation that existed in the CBS method and has not been attenuated. To 
resolve the deviation larger than the tolerance required, local control of maximum deviation 
method is introduced as a fourth method. 
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0 21 3.4×10-3 
1 22 2.0×10-3 
2 23 3.0×10-3 
3 24 1.1×10-3 
4 25 0.8×10-3 
5 26 4.9×10-3 
6 27 0.9×10-3 
7 28 1.3×10-3 
8 29 1.8×10-3 
9 30 0.7×10-3 
10 31 5.01×10-4 
11 32 4.70×10-4 
 
Controlling local maximum deviation method places probing points to where the 
maximum deviation occurs in each iteration so that when a spline is drawn through the 
probing points, it would reduce the maximum deviation of the whole profile. The values 
of maximum 2D profile deviation are tabulated in Table 2 and graphed in Figure 32. The 
initial model at 0 iteration is CBS method that has 21 probing points and profile deviation 
of 3.4×10-3. At each iteration, one point is added to the location where maximum deviation 
occurs. A spline is constructed having one more point than the previous iteration, and the 
maximum deviation is measured again. When a point is introduced at the local maximum 
deviation, it reduces the maximum deviation to zero because the constructed spline goes 
through it, however, it could possibly constraint adjacent region to have larger deviation 
than the previous iteration. 
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Figure 32 Change in maximum 2D profile deviation as a point is added each iteration. 
An abnormally large maximum deviation is created at 5th iteration (red circle) of 
placing points at maximally deviated location. Dotted line is an exponential trendline 
fitted to the data. 
Adding points at the location where maximum deviation exists does not guarantee 
lowering of the maximum deviation in all cases as one can see from Figure 32. The 
deviation fluctuates, and it cannot be predicted before it is place and a spline is constructed 
including the added point. The second iteration (Figure 33A) and the fifth iteration (Figure 
33B) show greater increase after the point is added, because the added point constrained 
the spline construction and created more linear segments where it needs a curved contour 
as it is shown as red arrows in Figure 33A, B.  
After 11 iterations, the fourth method successfully finds 32 points that can be used 
to create a spline with less than a set tolerance of 0.0005 inch.  Although the deviation 
seems to increase at a certain iteration cycle, the overall trend of deviation decreases as 
more points are added. All existing probing points and added points are marked with red 
 50 
circles, and a constructed spline (red line) is hid behind the deformed profile (green line) 
in Figure 33C.  
 
Figure 33 Deformed profile (green line) overlaid on constructed spline (red line) from 
probing points (red circles). Green arrow represents where the point is added, and 
red point represent the maximum deviation due to the added point. (A) second 
iteration, (B) fifth iteration, and (C) eleventh iteration whose tolerance is less than the 
set tolerance. 
 
1.16 Deviation comparison between simulated and machined blades 
Simulated surface deviations between non-rigidly registered blades and deformed 
blades are compared with measured blendline heights in machined blades. The registered 
blades are utilized to create toolpaths, and machined blades are measured at the blendline 
region using a coordinate measurement machine, Zeiss Micura CMM, to quantify the 
blendline heights. 
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From Table 1, the non-rigidly registered 3D blade geometry that was registered 
using the DS method and the local maximum control method resulted in significantly 
smaller surface deviations, -1.6×10-5 inch and 5.1×10-4 inch respectively, compared to that 
of the CBS, G1 and G2 continuity methods, which resulted in surface deviations of 4.3×10-
3 inch, 3.9×10-3 inch, and 4.3×10-3 inch, respectively. The corresponding 2D profile 
deviations for these methods were similar to that of 3D surface deviations as is shown in 
Table 1 and Figure 29.  
The surface deviation in the blendline region is visualized to characterize the 
distribution of the deviation in 3D geometry as shown in Figure 34. Positive surface 
deviations (red color in the error bar) indicate unmachined material remaining, and 
negative surface deviations indicate machining too much into the parent material. For the 
DS-based digitization approach, maximum surface deviation of -1.6×10-4inch occurred on 
maximum surface deviation of 5.1×10-4 inch occurred both on the concave and convex 
side. These deviations are shown in Figure 34 A and E. In comparison, the CBS-based 
approach and G1/G2 continuity-based approach resulted in a maximum surface deviation 
of 4.3×10-3inch, 3.9×10-3inch, and 4.3×10-3inch on the convex side of the blade profile as 
shown in Figure 34 B,C,D. From the figure, the surface deviation explicitly depicts a 




Figure 34 Surface deviation is inspected on non-rigidly registered model against the 
deformed model in the blendline region. Concave and convex side are shown on the 
left and right, respectively. The surface deviation results are from different 
digitization methods: (A) dense sampling (control), (B) curvature-based segmentation 
method, (C) G1 continuity, (D) G2 continuity, and (E) local maximum control.  
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This periodic deviation on the blade surface is the product of the digitized profile 
because the deviation characterized in the 2D profile shown in Figure 30 is in congruency 
with that of the 3D surface deviation trend. This proves that the error from 2D profile 
digitization and reconstruction directly propagates to the non-rigid registration process. In 
other words, local maximum control method successfully digitizes the deformed model 
and non-rigidly registers the nominal blade to the deformed model at a set tolerance. 
 
Figure 35 An example of blendline on the blade in simulation. Red dotted box is a 
close-up of the blendline height in the trailing edge. 
In the blade geometry, the blendline region is defined within the range of 0.411 inch ≤ z 
height ≤ 0.561 inch (Figure 7b) which was referenced to the z height of where the bottom 
of the repair region and non-repair regions intersect, and where blendline defects are most 
likely to occur. An example of a blendline that is generated in simulation is depicted in 
Figure 35. To investigate the capability of the simulation approaches to predict the surface 
deviation and blendline geometry, a set of 5-axis machining tests were performed using 
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five profile digitization and reconstruction approaches with the registration algorithm. A 
Mazak VC-500A/5X vertical machining center was utilized to machine surrogate blade 
geometries in Al6061-T6 workpieces with 3/8 inch diameter 6 flute solid carbide end mill 
and 3/16 inch diameter 6 flute solid carbide tapered ball end mill. First of all, the deformed 
welded geometry was machined from billet stock. The blade geometry was then digitized 
using the proposed methods including DS, CBS, G1/G2 continuity, and local maximum 
control approaches. Then, toolpaths were generated based on the non-rigidly registered 
blade geometry. The blades were machined and finish blended on a single machine setup 
so to eliminate any registration errors that might exist in the machining process. In this 
regard, any profile deviations or blendline defects would be due to the digitization approach 
and physical response during machining only. Figure 36 shows the inspection method in 
10 different locations on the blade used to determine the blendline step geometry. 
 
Figure 36 CMM inspection paths for quantifying blendline heights. (A) five probing 





Figure 37 Machined blades and representative blendline height CMM results. (A) 
machined welded blade. (B) Blade is machined by toolpath created based on the 




Figure 38 Machined blades and representative blendline height CMM results. Blades 
are machined by toolpath created based on the registered geometry using following 
digitization method: (A) G1 continuity method, (B) local maximum control method. 
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The inspection paths were conducted at five equidistant positions on the concave and 
convex side to capture effects across the blendline region of the blade geometry. Each 
position was inspected starting from a height of 0.411 inch to 0.561 inch, drawn as the 
lower line and the upper line of the blendline region (B.R.) in Figure 36. Zeiss Micura 
CMM was used for this purpose with a probe stylus ball tip radius of 0.03 inch, scanning 
speed of 0.05inch per second, and measurement point spacing of 0.001 inch. The Zeiss 
Micura CMM has a scanning error of 35.4 uin and form measurement error of 31.5 uin. 
Machined geometries for the surrogate welded (Figure 37A) and finish blended 
blades, as well as the CMM inspection results used to determine the blendline step 
geometry are shown in Figure 34. Of the five digitization methods applied to non-rigid 
registration, three machined results, which are the DS (Figure 34B), G1 continuity (Figure 
34C), and local maximum control method (Figure 34D) are shown with corresponding 
representative CMM results. Visually, the DS and local maximum control methods (Figure 
34B, D) seem to have a blendline due to machining, but when they were measured with a 
CMM, they only had a blendline step of 0.0003 inch. The periodic characteristic of the 
simulated deviation observed in the CBS, and G1/G2 continuity methods are also visually 
observable in the convex side of the blade as shown in Figure 34C.  
The CMM results are plotted to better represent the deviation along z axis as in 
Figure 39A, and the measured maximum blendline height for each method is tabulated and 
drawn in Figure 39B. The CMM results for the DS and local maximum control methods 
have the same maximum blendline height of 0.0003 inch. The remaining three methods 
have almost identical CMM results in all ten parts of the blade with 0.0041 inch being their 
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maximum blendline height. All measured blendline heights are less than or equal to 0.0002 
inch from the simulated surface deviation. 
 
Figure 39 CMM results compared with simulated surface deviation. (A) three 
representative CMM results showing deviation along z axis, (B) comparison between 
simulated and measured blendline height. 
 
 The deviation analysis and measurements of the simulated and machined blades 
were investigated further by varying the deformation seen in the used blade through 
simulation-based study. From the results, the surface deviation observed in the non-rigidly 
registered blade is due to the 2D profile deviation in the digitization and reconstruction 
algorithm by comparing the DS method and the remaining four methods. The robustness 
of the non-rigid registration algorithm is studied using four sample blades with different 
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values for angular distortion and linear deviation of the chord length as it is tabulated in 
Table 3[8]. With different parameters in angular distortion (±3⁰/inch along the stacking 
axis) and chord length change (±2.28×10-3inch/inch), the results are all within the set 
tolerance value (0.0005 inch) except for one sample with the maximum surface deviation 
of 6.1×10-4 inch. The maximum values in the table, however, are prone to be found at the 
tip geometry of the blade which is not the region of interest in this study. Thus, the surface 
deviation in the blendline region is expected to be lower than the maximum values. 
Therefore, with the DS and local maximum control digitization method, non-rigidly 
registering a nominal blade to a deformed blade is most likely to work under these extreme 
distortion conditions. 
Table 3 Surface deviation in sample blades with different distortion parameters [1] 
 
From these results, the model developed to simulate blendline defect geometry 
based on profile digitization approaches is accurate and can be used to determine optimal 
digitization approaches that balance quality requirements with time required to probe the 
part geometry using on-machine probing. In this regard, one can optimize the profile 
digitization method with more points at appropriate positions to reduce maximum profile 










-3 2.28×10-3 6.1×10-4 2.8uin 62uin 
-3 -2.28×10-3 4.9×10-4 1.6uin 78uin 
3 -2.28×10-3 2.5×10-4 3.9uin 73uin 
3 2.28×10-3 2.6×10-4 2.0uin 60uin 
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deviation resulting from non-rigid registration. The optimized digitization method can also 
be used to guide an adaptive additive manufacturing toolpath, as suggested in Ref. [8]. In 
a non-adaptive additive repair, the deposited material in the blade tip would have to 
accommodate the range of blade deformation conditions and result in an unnecessarily 
larger profile thickness, resulting in process inefficiency due to increased deposition time, 
increased machining time, material waste, and potentially lower tool life. Integration of 
these additive, subtractive and inspection procedures within an HM-based repair 




CONCLUSION AND RECOMMENDATIONS 
This chapter summarizes the original contributions and main conclusions of this thesis 
and suggests possible areas for future studies. 
1.17 Original contributions 
In this study, a digitization and reconstruction method for a non-rigid registration 
algorithm that could be utilized in an adaptive aerospace blade repair process has been 
presented. The originality of this research lies in establishing a method that can digitize a 
blade geometry with an unknown angular distortion and wear deformation, as well as 
accurately reconstruct the blade profile for a non-rigid registration algorithm. This was 
validated using the simulated results by comparing with actual machined blades using the 
proposed method. The successful method in this thesis establishes a balance between the 
number of probe points considering the manufacturing practicality and the dimensional 
accuracy of the reconstructed profile. This method can ultimately be implemented to a fully 
automated repair system in a commercial hybrid manufacturing setting that can repair the 
blade in one setup utilizing probing, welding, and machining.  
1.18 Main conclusions 
In this study, a method for digitizing and reconstructing a single 2D blade profile 
using the least amount of probing points and maximizing the dimensional accuracy of the 
resulting profile was presented. Four methods of digitizing 2D airfoil blade profiles were 
developed, and their effect on 3D non-rigid registration was investigated in simulation and 
on machined parts. Dense sampling method was used as a control of the study to show that 
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enough probing points can accurately recreate 2D profile and register 3D blade tip 
geometry. Even with high dimensional accuracy of the registered part, however, the 
number of the probing points were impractical to implement in the manufacturing setting. 
Then, curvature-based segmentation, and G1/G2 continuity-based methods have been 
developed having a range of number of probing points, but dimensional accuracy required 
of the process was not fully achieved. Finally, the local maximum control-based method is 
developed and successfully digitized and reconstructed the blade profile within the set 
tolerance with a practical number of probe points (32 probing points) as well as satisfying 
dimensional accuracy with deviation of 5.1×10-4 inch. This result defines an optimized 
digitization method for blade profile geometry to be digitized and reconstructed with a set 
tolerance. 
The deviation that was observed in the blade profile digitization was consistent with 
the non-rigidly registered 3D surface geometry. Blades were machined with the toolpath 
based the registered models and the simulated results were validated with measurements 
on the machined parts. The effect of digitization was not detrimental nor beneficial to the 
registration process, but the deviation that existed in the digitization carried over to the 
registration algorithm. Furthermore, to encompass various deformation conditions, four 
extreme deformation limits were proven to work with the registration algorithm, and the 
digitization method would also most likely perform well under these extreme conditions. 
1.19 Future work and recommendation 
The digitization method using G1/G2 continuity could be improved by adjusting the 
points that are added adjacent to the intersecting point between segments. Because of the 
 63 
nature of cubic spline function, the reconstructed spline contains periodic deviation which 
brings about more deviation than not applying the method. By positioning the points to be 
added at different places, it could possibly generate the profile with less points and with 
less deviation. 
A particularly interesting subject for future work is in modifying predetermined 
probing points. Another digitization/reconstruction method to be investigated is relocating 
the previously created probing points or adding/removing the probing points in the iteration 
of reconstructing profile. Local maximum control-based method finds the location of the 
local maximum deviation and only adds a point to it in each iteration. An increase in the 
maximum deviation is always observed at a region close to where the point is added. By 
adjusting the previously positioned probing point(s), it seems to be possible to reduce the 
maximum deviation in every iteration which could lead to less total probing points.  
Another interesting subject for future work is to investigate the accuracy of the 
implementation of these digitization methods. On-machine probing is likely to produce 
errors associated with normal approach vectors and probing position acquisition. The errors 
can be characterized with a range of intentional deformations so to optimize digitization 
methods. To verify the robustness of the method, the actual acquired probing points can be 
used in digitization and non-rigid registration algorithm to reconstruct 2D profile and 
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